Abstract: The use of high strength to weight ratio laminated composites is emerging in marine industry and applications as a very efficient solution for improving productivity. Nevertheless, delamination between the layers is a limiting factor for the wider application of laminated composites, as it reduces the stiffness and strengths of the structure. Interleaving nanofibrous mats between layers of composite laminates has been proved to be an effective method for improving composites delamination resistance. This paper aims to characterize the effect of interleaved nanofiber on mode I interlaminar properties and failure mechanisms when subjected to static and fatigue loadings. For this purpose, virgin and nanomodified woven laminates were subjected to Double Cantilever Beam (DCB) specimens. Static and fatigue tests were performed and the tests were monitored by acoustic emission technique. The mechanical results showed a 130% increase of delamination toughness for nanomodified specimens in the static loadings and more crack growth resistance in the fatigue loading. The AE results revealed that different type of failure mechanisms was the cause of these improvements for the modified specimens compared with the virgin ones.
Introduction
The use of carbon fiber reinforced polymer (CFRP) composites has increased due to their high strength and stiffness properties combined with lightness. CFRP is one of the best options as a structural material in aerospace, automotive, and marine industries. CFRP laminated composites are usually produced by draping, stacking, and curing multiple sheets of prepregs together. CFRP offers excellent in-plane properties, but they suffer from delamination or crack-like damages between the ply interfaces, which are mostly the matrix-rich areas.
Different methods such as stitching of the laminas, matrix toughening, and three-dimensionalbraided fabrics have been investigated to prevent delamination [1] [2] [3] [4] [5] . Matrix-toughening has recently attracted a lot of attention at which delamination toughness increases by inserting interleaf layers of toughened materials between the layers during the laminate's fabrication process [6] [7] [8] . Recently, it was shown that PVDF nanofibers can increase mode I fracture toughness of epoxy-based laminates [9, 10] both in static and fatigue loading conditions, if they are treated in a specific situation such as appropriate curing temperature and nanofibrous mat thickness [11] . However, there is very limited information regarding the toughening and failure mechanisms of the PVDF-interleaved laminates in fatigue loading condition. This paper aims to investigate failure mechanisms caused during static and fatigue loadings of the nanofiber PVDF-interleaved laminates, using Acoustic Emission (AE) technique. AE signal is a spontaneous transient energy released by different damage sources such as matrix cracking, fiber breakage during the loading [12] . This technique was used to distinguish the failure modes in laminated composite materials and there was a promising applicability of this method [13] [14] [15] [16] [17] [18] [19] . Their results presented a capable applicability of AE parameters for classification of damage mechanisms in laminated composite materials.
In this paper, the mechanical data and the AE signals were used for investigation of the interlaminar properties and the relevant failure modes.
Materials and Methods
As illustrated in Figure 1 , virgin and nano-interleaved DCB specimens were manufactured according to the ASTM D5528 [20] with dimensions of 140 mm x 25 mm. The stacking sequence was 14 plies of plain weave (PW) 220 gcm carbon-epoxy prepreg (GG204P-IMP503Z), supplied by Impregnatex Composite Srl (Milan, Italy). Nylon 6,6 Zytel E53NC010, provided by DuPont, were used for producing nanofibers by means of electrospinning (see Figure 1a ) as presented in [9] . 400 to 650 nm diameter nanofibers were randomly aligned in 40 µm thick mats, with areal density of 18 g/m 2 .
Laminates were 3.5±0.1 mm thick with no appreciable differences between configurations. Virgin and nano-interleaved specimens were cut from two rectangular panels: a 30 µm thick PTFE film was inserted in the mid-interface during the lay-up to create an initial artificial crack which length a0 was 45 mm. Both panels were vacuum bag moulded following an optimized cure cycle in order to ensure the perfect penetration of the resin into the nanofibrous mat, before the hardening occurs. In particular the maximum temperature was 130 o C, below Nylon's melting temperature at 260 o C. The tests have been carried out in a servo-hydraulic press machine (Instron 8033) equipped with a 250 N load cell, under displacement control condition, at a constant crosshead speed of 3 mm=min. During the test, the load displacement curve was recorded and the crack propagation was visually determined by means of optical microscope. The Mode I energy release rate was determined according to the Modify Beam Theory (MBT), as suggested by the [21] .
Samples for fatigue tests have been extracted from the same batch of those for static tests, therefore they had an identical dimensions and mechanical properties. Once manufactured, the specimens have been stressed until the crack started to propagate, in order to create a sharper and naturally developed crack within the specimens. The effective crack lengths were therefore 1 mm circa longer compared with the initial status. Fatigue tests were carried out following the guidelines provided in the ASTM D6115 [22] in the same Instron 8033 servo-hydraulic machine used for the static ones, equipped with a dedicated, in-house designed and manufactured 200 N load cell, under displacement control condition, at a load frequency of 3 Hz, with fixed loading ratio R (min=max) equal to 0.3. Load-displacement and crack length values (measured by a high-resolution camera) are used to calculate Gmax as proposed in [23] .
AE waveforms were recorded using an AE data acquisition system called PCI-2 and the test sampling rate was 10 MHz. A schematic definition of the recorded waveforms and their features are shown in Figure 2 . The utilized AE sensor was PAC R15, which is a broadband and single-crystal piezoelectric transducer. A 2/4/6-AST preamplifier with the gain selector of the 40 dB was used to enhance the detected signals and the threshold was set to be 35 dB. Before the tests, a pencil lead break procedure was used to calibrate the data acquisition system. The AE software (AEWin) was used to extract AE signal features such as duration, rise time, amplitude, counts, energy, etc. 
Results

Mechanical results
Force-Displacement curves for the virgin and nano-interleaved samples are shown in Figure 3 . For the fatigue samples, the energy release rates, which are calculated at the peak value of different number of cycles using Eq. 
AE results
Load-time and AE energy-time curves resulting from a virgin sample is illustrated in Figure 5 
Discussion
As summarized in table 1, the nano-interleaved samples has shown, showed a 137% and a 124%
increase of GIC and GR respectively, compared to pristine ones. The fracture toughness is increased at both crack initiation and propagation for the fatigue tests as illustrated in Figure 4 . 
Conclusions
In this paper the effect of interleaved PVDF nanofibers on mode I interlaminar properties and the appeared failure modes of woven carbon/epoxy laminates was investigated when subjected to static and fatigue loadings. DCB specimens were subjected to static and fatigue tests and the tests were monitored by acoustic emission technique. The mechanical results proved the ability of the PVDFnanofiberous mate to enhance fracture toughness in the initiation and propagation of delamination for both static and fatigue tests. The AE results showed that the number of interlaminar occurred failure modes diminished in the modified composite layers and there were more matrix cracking associated AE signals in the virgin sample compared with the nano-interleaved sample. It means that the reason for the increase in the toughness of the modified specimens is due to the change in the appeared damage mechanisms that require higher energy level to initiate and propagate. Finally, it can be concluded that the nano-interleaved samples can improve the delamination resistance of laminated composites under static and fatigue loadings. 
